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SUMMARY 

Studies of the broadening of the proton spin resonance line have been mad-; 

for solid solutions of neohexane and cyclopentane. 

A convenient apparatus for control of temperatures from 10°K to room 

temperature for such studies is described. 

The "complex" of one mole of neohexane -with tvo moles of cyclopentane 

rotates in the solid state dovn to 65°K. In solid solutions with cyclopentane 

in excess of the complex, the complex rotates independently of the cyclopentane 

down to 66 K. The complex has no effect on the lower rotational transition of 

the cyclopentane which apparently nucleates. 

INTRODUCTION 

The solid-solid and solid-liquid equilibria in the system neohexane-cyeljpentane 

have been fairly exhaustively investigated abovj 90°K . 

1K. 1. Fink, M. R. Cines, F. E. Frey and J, G, Aston« J, Am, Chem, Soc. 69, 1.501 (194.7). 

The phase diagram as obtained from the thermal data is shown in Fig. 1. The pure 

components each has two transitions of the rotational type. These and the melting point 

bj a curious coincidence are close to the same temperatures for the pair of compounds. 

It will be shown that theß/ to^ rotational transitions, while comparable as to  their heai 



may bear little detailed similarity. 

Unfortunately while x-ray studies have been made above the upper transition In both 

compounds which there show complete freedom of rotation , no measurements were made la 

the region between the rotational transitions,, 

2B. Post, R. S. Schwartz and I. Fankuchen,, J, Am, Chem. Soc. 22» 5113 (1951). 

In keeping with the original nomenclature., for both compounds the form stable below 

the lower transitions will be denoted byö[ , v,hat stable between the transitions by /S 

and that stable above the upper transition by *#.    There is certainly little rotation for 

either compound in the(Yrorm, The natures of the rotational motions in theQ forms of 

the two compounds and of the(V to p transitions are open to speculation. 

There are two notable features about the condensed phase diagram as obtained from 

the thermal data. One of these is that there were no thermal transitions above 90 K 

in the solid for compositions richer in neohexane than corresponding to the "complex" of 

one neohexane molecule with two cyclopentane molecules. The first solid curve (marked d) 

in Fig. 1 3hows the temperatures of the(Y to^o transition. The other notable feature is 

the small variation in equilibrium temperature together with the decreasing heat of the 

0\  to/4 'transition of cyclopentane as neohexane was added. From these it could be 

inferred that theO\ to p> rotational transition involved only cyclopentane molecules not 

in the complex. This conclusion is strikingly verified by the fact that the heat of the 

transition is proportional to the amount of cyclopentane in exceas of the compound. Such 

an Inference implies nucleatiom It will take a careful study of the heat capacities 

below the£>( to A transition to tell if there is bulk phase separation. 

3 
R.  Smoluchowski,  Phase Transformation in Solids9  Chap.   5*  John Wiley and Sonsv New YorJc, 

(1951). 

Nuclear magnetic resonance has been used to study rotation in the solid state* a.« *u* 

IB. 
* F. Bitter, N. L. Alpert, H. L. Poss., C. G. Lehr and L, T. Linn, Phys. Rev. TJj 73>8 (1947). 



>'b 
*• N, L„ Alpert, PhySo Rev. 72. 637 (194"?;. 

4°Ko S. Gutowsky and G. E. Pake, J. Chem. Phys. 18, 162 (1950) 

The present study by means of nuclear magnetic resonance follows previous methods« It 

has confirmed all conclusioiis from the thermal data and added to the knowledge of the 

extent of rotation in the solid system below the melting point» 

EXPERIMENTAL 

Nuclear Magnetic Resonance Apparatus. - The apparatus is essentially that described by 

Pound and Knight5, it is shown as a block diagram in Fig« 2 which is self-explanatory« 

%. V„ Pound and W. D. Knight, Rev. Sei. Inst. 21, 219 (1950). 

The characteristics of the line were obtained from an oscillograph display with a 

30 ops sinusoidal sweep on both the magnetic field and the horizontal axis of the 

oscillograph. Line widths were measured at half the height of the pattern appearing on 

the oscillograph face. In such a display the horiaontel axis is linear in frequency 

(or magnetic field strength). This axis was calibrated in kilocycles per second from the 

positions of sharp lir.es in the liquid state for various settings of the oscillator 

frequency which was measured with a BC 221 frequency meter. 

Relative intensity in the neighborhood of a transition could be obtained where 

desired by changing the vertical gain setting of the oscillograph to bring the peak to a 

previously chosen reference height. For very broad lines or for line shape derivative 

presentation, the oscillator was turned slowly through resonance by a clock motor and 

yith a very small 280 ens Modulation on the ros.Tiet'ic field..  The derivative of the line 

shape is displayed on the recorder through the phase-sensitive lock-in amplifier in the 

limit of low magnetic modulation. 

Magnet. - A permanent magnet with a 2 in,, gap between 6 in. pole faces giving a field of 

553b oersted was used. This was manufactured specially by the Indiana Steel Company, By 

the use of three small iron strips on the raised rim of the pole faces a region of 1 in.* 



in the ruddle of the faces vlas obtained in which the field did not vary by more than 10"" 

oersted.  (The original variation on tne same area was about 4O x 10~ oersx.ea"<„ 

Cryostat andTemnerature Measurements. - The sample holder (6 cc„ capacity), A, (see Fig. 3) 

was mounted in an evacuated chamber, B, to which small quantities of pure helium could be 

added for heat conduction* This was fastened to its cover by Woods metal» A copper •-> 

constantan thermocouple, C, made from the same spools as the laboratory standard 

thermocouples S-l to S-3 passed down through the filling tube, D, with its junction at 

ih§ l>ottonf"\ Where the wires passed out of the tube -he insulation was removed so that 

feJo G. Aston, E. Willihnganz and G„ H. Masserly, J„ Am, Chem. Soc„, „5JZ, I642 (1935), 

they could be soldered to cape through which they passed. These caps closed two "o^par" 

tubes sealed onto Pyrex side tubes, E„ The samples could be poured in through the filling 

tube with a suitable funnel. The sample tube was equipped with a constantan heater, F, 

with current and potential leads so that the assembly could be used as a crude calorimeter 

of the Nernst type or as a heat leak calorimeter for cooling or warming curves,, For this 

reason, the coil^, G, for detecting abaorbtion in the radio region surrounded the sample 

tube as closely as possible, without actually touching, so as to reduce heat leak by 

conduction down the heavy copper conductor in the coaxial cable, H. The assembly was 

supported through a rubber tube seal,by the cap which closed the strip silvered dawar, I. 

Thi3 cap was fitted with tubes for filling with liquid nitrogen or hydrogen,, J, and for 

evacuation and connection to the hydrogen gas holder, K„ 0n^ filling of liquid hydrogen 

(2 liters for cooling and filling) lasted for about four hours. 

A deviation table, accurate to 0«10° from 20°K to ??3°K> for the th^Tinocoiwl© was 

obtained by means of fixed points including the normal boiling point of hydrogen. 

Samples. - The cyclopentane was the same sample as used ir. the thermal studies „ The 

neohexane,, kindly supplied by the Phillips Petroleum Company was purified by fractional 

melting and contained probably no more than 0.3 mole percent purity„ 



RESULTS 

Line breadths in kcps (4.„26 kepi = i gauss), obtained from the nuclear resonance along 

vith thermal data previously obtained are giver for the pure compounds and mixtures in 

Table I„ Widths below 23 kcps (5.4 gauss) in the solid are considered unusually narrow 

due to rotation. For convenience, dotted line:: a, b9 and c on figure 1 connect temperstures 

corresponding to narrowing of the resonance line between corresponding limits (i„e„ relatively 

sharp changes in line width) which can be ascertained by reference to Table I„ It is not 

implied that these curves represent (other than by pure guess) what is to be expected at 

unstudied compositions. Because the lines did not change width at definite temperatures,, 

but rather over ranges in temperature, these ranges are indicated by the vertical heights 

of ellipses drawn for the various concentrations studied» In addition to the curves shown, 

there was observed a slight (end only slight) narrowing of the lines upon melting„ On 

the neohexane side of the "complex", warming curves were started at 20 & to be sure that no 

significant transitions were missed. The curve a,which exists only on the cyclopentane 

rich side of the "complex", corresponds to further narrowing of an already narrow line. 

This curve is to be associated with theO^to^ transition for cyclopentane found in the 

thermal data and shown in curve d. The temperature of the£A to^ transition is hardly 

effected by composition. Since its heat depends on the amount of cyclopentane in excess 

of the complex1, only the excess cyclopentane is involved in it. This behavior must 

res-alt from nucleation. That the^ to,0 transition of the excess cyclopentane results in 

narrowing of a line already narrow due to rotation of the compound can be seen from Table I 

at 79.7 mole percent cyclopentane. At the ß to ^transition of cyclopentane the line has 

become very narrow. 

On the neohexane rich side curves b and c (insofar as they are defined by two 

compositions) change with composition so regularly as to indicate nc similar nucleation 

in neohexane» This is further shown by absence of the curve a. It is quite likely that 

the pseudo symmetry of the neohexane is the cause of this difference. Curve b extends 

over the entire diagram with a minimum at 66.7 percent cyclopentane. It corresponds to 

rotation setting in for the complex. On the cyclopentane side of the complex the nucleated 



cyclopentane apparently does not partake. The surprising fact brought out by this study 

(confirming a conclusion from the thermal data) is the persistance of rotation of the 

complex found at 66.7 percent cyclopentane down to at least a temperature of 65 K and its 

ability to lower thetX tc/4 transition of mixtures richer in neohexane. The transition at 

65°K found by change in line shape for the compound at 66,7 percent cyclopentane was 

clearly shown by a flat in the cooling curve associated -with heat evolution« Its heat 

will be measured as part of an investigation now in prugress to study its zerv point entropy. 

For compositions less than 67 percent cyclopentane as well as for pure neohexane line 

shapes showed hyperfine structure which became resolved at temperatures indicated by the 

lowest dotted curve, b, in figure 1. Recordings of the line-shape derivatives gave four 

peaks instead of the ~two which would be obtained for a line without hyperfine structure. 

Separations of the outer peaks of the derivatives were about 82 kc. This cannot be 

attributed to coupling of the protons in CH^ groups which give separations of about 4O kc. 

7 
H. S. Gutowsky, G. B. Kistiakowsky, G. E. Pake and E. M. Purcell; J. Chem. Phys. 17, 972 
(1949). 

For compositions greater than 67 percent cyclopentane these "wings" were not observed. 

Inasmuch as this phenomenon occurs on the neohexane side of the diagram one is 

tempted to associate this with the tertiary butyl group and/or the ethyl group. For pure 

cyclopentane theC\ tO/O transition results in no narrowing of the nuclear spiti resonance 

line whereas for pure neohexane the main narrowing occurs at the 0(to/& transition. Thus 

it is not likely that the£X to^ and/6 to ^transitions in the two compounds can be paired 

off  lotfiftallv   In   fltiv   «Irm-il«   fschlrm 
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TABLE I 

Summary of Data for System Cyclopentane - Neohexane 

Probable 
Nature of 
Transition 

Transition 
Temperature °K 
from Heat Capacity 

Trans, in nucl 
res. °K 

Line width in 
Kcps 

Cyclopentane 

rot.  tr.     ()/  } "3 122.2                                                       not found 

rot. tr.    /O —> 7 138.1                                                          138.1 

? not found                                                 152.2 

"^T   to liquid 179.7                                                       179.7 

7917 mole percent Cyclopentane 

rot. tr. 

rot. tr. 

rot. tr. C\ > /t> 

rot. tr. rD-—7*    ß 

*~~X to liquid 

rot. tr. 

melting 

rot. tr. 

rot. tr. 

melting 

rot. tr. c*-^ •/& 

rot. tr. ß-^ y 
If to .1 iquid 

  65 

  101.5 - 105 

121.3 md^iWT0m 

128.0   

128.2 - 131.3   

66.7 table percent Cyclopentane (Complex) 

- 65 

136.5 - 137.7                                   130 - HI 

£8.8 mole percent Cyclopentane 

  66 - 70 
gradually from 

  70 - 126 

7.1 mole percent Cyclopentane 

  108 - 115 
gradually from 

  115 - 153 

H9.5 - 152.8 

Neohexane 

126.81 

140.88 

174.16 

range 102 - 110 

range 120 - 128 

gradually from 
128 - 174 

not found 

64,9 to 6.6 

6.6 to 5.5 

4 08 to 4*4 

50 to 10 

10 to 7 

7.1 to 3.5 

3.5 

3.5 

50.5 to 11 

11 to 3.5 

30 to 23 

23 to 11 

25 • 10 

10 -  1.7 

1.7 

82 - 37 
approximately 
37 - 10 

10 1.7 
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